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SUMMARY 
An i n v e s t i g a t i o n  of  laser l i g h t  b a c k s c a t t e r  p r o p e r t i e s  from an atmosphere 
emphasized t h e  effect  o f  frequency s h i f t .  
based on t h i s  e f f e c t  and proved success fu l  i n  t h e  l abora to ry  de te rmina t ion  of 
flow v e l o c i t y  of a contaminated atmosphere. The r e s u l t s  agree  w e l l  wi th  mea- 
surements taken wi th  a h o t  wire anemometer. This i n v e s t i g a t i o n  used a cont in-  
uous wave laser r a d i a t i n g  i n  t h e  v i s i b l e  reg ion .  
s t ream conta in ing  a small concent ra t ion  of contaminants was measured. Usir.g 
t h i s  technique t o  d e t e c t  c l e a r  a i r  tu rbulence  would r e q u i r e  t h a t  Mie s c a t t e r -  
ing  predominate i n  t h e  t u r b u l e n t  reg ion .  This technique does not  p re sen t ly  
appear p r a c t i c a l  f o r  a i rbo rne  de t ec t ion  of c l e a r  a i r  tu rbulence  cons ider ing  
the  a v a i l a b l e  l a s e r  t r a n s m i t t e r s  and d e t e c t o r s ,  and t h e  unce r t a in  knowledge of 
t he  contaminating p a r t i c l e  content  i n  a tu rbu len t  r eg ion .  
The de tec t ion  scheme descr ibed  i s  
The v e l o c i t y  of an a i r  
INTRODUCTION 
Aircraft most o f t e n  encounter  c l e a r  a i r  tu rbulence  (CAT) near  t h e  j e t  
s t ream a t  a l t i t u d e s  of 20,000 t o  40,000 f e e t .  The reg ion  of tu rbulence  i s  
small compared with t h e  o v e r a l l  a i r  volume; it i s  usua l ly  l e s s  than  3,000 f e e t  
i n  v e r t i c a l  depth,  20 miles  i n  width,  and 50 o r  more miles  i n  length  along t h e  
d i r e c t i o n  of t h e  wind ( r e f .  1 ) .  This l o c a l i z e d  na tu re  of CAT makes i t  very 
d i f f i c u l t  t o  p r e d i c t  from normal meteorological  observa t ions .  Consequently, 
many devices  have been s t u d i e d  f o r  remotely d e t e c t i n g  and determining t h e  
s e v e r i t y  of CAT reg ions ;  as y e t ,  however, no s u i t a b l e  devices  have been found. 
Several  d i f f e r e n t  approaches t o  t h e  de t ec t ion  of t u r b u l e n t  regions a r e  p re s -  
e n t l y  being pursued. Some devices  r e l y  on t h e  d e t e c t i o n  of  temperature  o r  
e l e c t r i c  f i e l d  g rad ien t s  i n  t h e  v i c i n i t y  of tu rbulence  ( r e f .  1 ) .  However, 
s i n c e  these  e f f e c t s  occur q u i t e  nea r  CAT, t h e r e  would be  t o o  l i t t l e  advance 
warning f o r  t he  p i l o t  t o  avoid t h e  a rea .  A fundamental requirement of a CAT 
d e t e c t o r  i s  t h a t  t he  device g ive  t h e  p i l o t  enough advance warning t o  avoid t h e  
turbulence .  
The p resen t  s i t u a t i o n  regard ing  CAT has been concise ly  summarized i n  t h e  
fol lowing t h r e e  s ta tements  by D r .  Paul Rosenberg i n  t h e  in t roduc t ion  t o  
re ference  1: 
"1. The physics  and meteorology of CAT are s t i l l  poorly understood. More 
research  i s  needed on t h e  mesoscale and microscale  causes  of CAT and on t h e  
mechanisms of i t s  formation.  
"2. Forecas t ing  of  CAT i s  s t i l l  i n  a rudimentary s t a g e  of development. 
"3. No method o r  device has y e t  been proven a b l e  t o  d e t e c t  CAT and warn 
t h e  p i l o t  with a confidence l e v e l  which i s  h igh  enough f o r  p r a c t i c a l ,  
opera t iona l  use .  It  
The above conclusions are s t i l l  v a l i d ,  and research  i s  r equ i r ed  i n  a l l  
t h r e e  a reas .  This r e p o r t  dea l s  only with i t e m  3 ,  t h a t  of developing techniques 
t o  de t ec t  CAT. 
The success  o f  convent ional  r a d a r  i n  d e t e c t i n g  storms has l e d  t o  consid- 
e r a t i o n  of i t s  use  i n  d e t e c t i n g  turbulence .  However, t h e  extreme r a t i o  of t h e  
wavelength t o  p a r t i c l e  s i z e ,  and excess ive  power and antenna s ize  requirements ,  
make i t s  e f f e c t i v e  use  on a i rc raf t  appear extremely doubt fu l .  An o p t i c a l  
r a d a r  us ing  a l a s e r  appears more promising because of i t s  much s h o r t e r  wave- 
l eng th .  The amplitude of  t h e  backsca t te red  s i g n a l  i s  p ropor t iona l  t o  t h e  
fou r th  power of t h e  wave number (eq.  ( B l ) ) .  The backsca t t e red  s i g n a l ,  hence, 
a l s o  va r i e s  d i r e c t l y  as t h e  fou r th  power of frequency. For example, a l a s e r  
system opera t ing  a t  l O l 4  Hz us ing  t h e  same parameters as a l o 9  Hz microwave 
r ada r  system would r ece ive  a s i g n a l  g r e a t e r  by a f a c t o r  of 1020 due t o  i t s  
h igher  frequency. 
d i f f r a c t i o n  l imi t ed  beam angle  is d i r e c t l y  p ropor t iona l  t o  t h e  r a t i o  of  wave- 
length t o  ape r tu re  diameter .  
t h e  same parameters as  a l o 9  Hz r ada r  system would have a l o 5  sma l l e r  
t r a n s m i t t e r  ape r tu re  f o r  t he  same beam divergence angle .  
Another advantage of us ing  a h ighe r  frequency i s  t h a t  t h e  
For t h i s  reason ,  a l O I 4  Hz l a s e r  system us ing  
This r epor t  covers a s e r i e s  of labora tory  experiments t h a t  were performed 
t o  determine t h e  f e a s i b i l i t y  of us ing  an on-board l a s e r  as a probe f o r  de t ec t -  
i n g  CAT. The i n v e s t i g a t i o n  was made t o  compare t h e  p r o p e r t i e s  of laser  r ad ia -  
t i o n  backsca t te red  from a moving and from a s t a t i c  atmosphere. 
experiments r a t h e r  than a i rc raf t  f l i g h t  experiments were chosen i n  o r d e r  t o  
work with an atmosphere whose v e l o c i t y  and contaminants could be c o n t r o l l e d .  
The f e a s i b i l i t y  of  d e t e c t i n g  loca l i zed  v e l o c i t y  i n  an a i r  s t ream us ing  l a s e r  
backsca t t e r  was i n v e s t i g a t e d  because c l e a r  a i r  turbulence  i n  some ins t ances  i s  
i d e n t i f i e d  by a l o c a l i z e d  high v e l o c i t y  u n i d i r e c t i o n a l  a i r  s t ream. Wind veloc-  
i t y  of  t h i s  type i n  a p lane  normal t o  a i r c r a f t  f l i g h t  path can cause s h e a r  
forces  d e s t r u c t i v e  t o  t h e  a i r c r a f t  s t r u c t u r e .  
Laboratory 
SCATTERING MECHANISM AND LASER PROPERTIES 
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This i n v e s t i g a t i o n  of l a s e r  d e t e c t i o n  of CAT involved a pre l iminary  s tudy 
o f  t he  s c a t t e r i n g  phenomena and t h e  p r o p e r t i e s  of  t h e  l a s e r  beam. From t h i s  
s tudy the  frequency proper ty  of an atmospherical ly  backsca t t e red  beam was 
s e l e c t e d  f o r  d e t a i l e d  i n v e s t i g a t i o n .  
Atmospheric s c a t t e r i n g  c o n s i s t s  of t h r e e  phenomena: Rayleigh s c a t t e r i n g  
from gas molecules and microscopic p a r t i c l e s  t h a t  a r e  small  compared with the  
wavelength of l i g h t ,  Mie s c a t t e r i n g  from dus t  p a r t i c l e s  t h a t  a r e  comparable 
2 
J 
. 
i n  s 
n e i  t 
has 
i z e  t o  t h e  wavelength of  l i g h t ,  and r e f r a c t i v e  s c a t t e r i n g  due t o  inhomoge- 
i e s  of t he  r e f r a c t i v e  index.  An a n a l y t i c a l  s tudy  of  t h e  l a t t e r  phenomenon 
revea led  i t  t o  be  i n s i g n i f i c a n t  compared with t h e  f irst  two ( r e f .  2 ) .  
A study of  t h e  e f f e c t s  o f  tu rbulence  on t h e  c h a r a c t e r i s t i c s  of back- 
s c a t t e r e d  r a d i a t i o n  r equ i r e s  an understanding of  t h e  p r o p e r t i e s  of t h e  back- 
s c a t t e r e d  l a s e r  l i g h t .  Important p r o p e r t i e s  t o  be  considered a r e  amplitude,  
p o l a r i z a t i o n ,  coherence,  and frequency. The amplitude i s  an i n d i c a t i o n  of t h e  
power i n  t h e  beam. P o l a r i z a t i o n  of  t h e  wave i n d i c a t e s  t h e  o r i e n t a t i o n  of t h e  
e l e c t r i c - f i e l d  v e c t o r  as a func t ion  of  t i m e  i n  a p lane  perpendicular  t o  t h e  
d i r e c t i o n  of  propagat ion.  I t  can be  v i s u a l i z e d  as a l i s s a j o u s  f i g u r e  descr ibed  
by t h e  t i p  o f  t h e  e l e c t r i c - f i e l d  v e c t o r  i n  t h e  p lane .  
po la r i zed  wave forms a s t r a i g h t - l i n e  l i s s a j o u s  f i g u r e .  One of t h e  most impor- 
t a n t  l a s e r  c h a r a c t e r i s t i c s  i s  coherence which allows t h e  laser t o  be  r ad ia t ed  
i n  a narrow beam and focused i n t o  an i n t e n s e  s p o t .  I t  i s  a l s o  t h i s  proper ty  
t h a t  makes l i g h t  i n c i d e n t  on a s u r f a c e  appear granular .  There a r e  two types 
of coherence, s p a t i a l  and temporal.  The two coherence c h a r a c t e r i s t i c s  can be 
thought of  as one three-dimensional  coherence func t ion;  s p a t i a l  coherence 
descr ibes  phase c o r r e l a t i o n  across  t h e  wave f r o n t  , and temporal coherence 
descr ibes  phase c o r r e l a t i o n  o f  t h e  r a d i a t i o n  i n  t h e  d i r e c t i o n  of propagat ion.  
Temporal coherence i n d i c a t e s  t h e  frequency s t a b i l i t y .  The frequency of t h e  
l a s e r  e lec t romagnet ic  wave i s  of t h e  o rde r  of 1014 H z .  
be  composed of  one o r  s e v e r a l  d i s c r e t e  f requencies  depending on t h e  o p t i c a l  
cav i ty  length and l a s e r  power i n p u t .  
For example, a plane-  
The l a s e r  ou tput  can 
Prel iminary experiments and c a l c u l a t i o n s  based cn f l u c t u a t i o n s  i n  t h e  
loca l  r e f r a c t i v e  index showed t h a t  t h e  amplitude of t h e  r e tu rned  s i g n a l  was 
not s i g n i f i c a n t l y  modified i n  a tu rbu len t  reg ion .  On t h e  o t h e r  hand, exper i -  
ments and c a l c u l a t i o n s  have shown t h a t  i f  t h e  tu rbu len t  reg ion  conta ins  s i g -  
n i f i c a n t l y  g r e a t e r  p a r t i c l e  concent ra t ions  than  t h e  surrounding nonturbulent  
reg ion ,  a change of  amplitude could be de t ec t ed  ( r e f .  3 ) .  However, even i n  
t h i s  case ,  t h e  amplitude probably would not  be  a r e l i a b l e  proper ty  t o  use  s i n c e  
absorp t ion  and s c a t t e r i n g  from clouds,  and phenomena o t h e r  than CAT, would 
a f f e c t  t h e  amplitude during t ransmiss ion .  There a r e  s e v e r a l  e f f o r t s  c u r r e n t l y  
d i r e c t e d  toward determining t h e  f e a s i b i l i t y  of d e t e c t i n g  CAT by observing the  
amplitude change of backsca t t e red  l a s e r  l i g h t .  Some research  programs a r e  
cu r ren t ly  us ing  instrumented a i r c r a f t  t o  i n v e s t i g a t e  t h e  amplitude change i n  
the  l i g h t  backsca t t e red  from a tu rbu len t  reg ion .  One of t h e s e  showed only 
marginal p o t e n t i a l  f o r  amplitude d e t e c t i o n .  
I t  w a s  t h e r e f o r e  decided t o  concent ra te  t h e  p re sen t  s tudy  on t h e  f r e -  
quency e f f e c t s  i n  a backsca t t e red  laser beam. This choice was f u r t h e r  sup- 
po r t ed  because of  t h e  d i r e c t  r e l a t i o n s h i p  between laser l i g h t  frequency and 
p a r t i c l e  v e l o c i t y .  Furthermore, it was f e l t  t h a t  a frequency s h i f t  propor- 
t i o n a l  t o  t h e  s e v e r i t y  of t h e  turbulence  could be  p r e d i c t e d .  An ana lys i s  of  
t h e  de t ec t ion  problem from t h e  s tandpoin t  of  t h e  frequency proper ty  i n d i c a t e s  
t h a t  some p a r t i c u l a t e  ma t t e r  must be  p re sen t  i n  CAT i n  o rde r  t o  de r ive  a 
d e t e c t a b l e  backsca t t e red  s i g n a l  with cu r ren t  laser technology because t h e  mean 
a i r  molecular o r  p a r t i c l e  v e l o c i t i e s  must be  de t ec t ed  i n  t h e  presence of 
Brownian motion. Brownian motion, t h e  random movement of  molecules and 
p a r t i c l e s  due t o  temperature ,  as shown i n  appendix C y  spreads t h e  frequency 
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spectrum of t h e  r e t u r n  s i g n a l .  This  spread  i s  l a r g e r  f o r  molecules than f o r  
p a r t i c l e s ,  and would make d e t e c t i o n  of t h e  mean molecule v e l o c i t y  d i f f i c u l t .  
For example, an atmosphere moving away from t h e  laser source  a t  6 m/sec and 
unaf fec ted  by Brownian motion, would cause a frequency s h i f t  i n  laser back- 
scatter of about 20 MHz f o r  a laser beam frequency of  4 . 8 ~ 1 0 ~ ~  Hz .  For a 
normal atmosphere Brownian motion causes a h a l f  power bandwidth frequency 
spread of  about 940 MHz from molecules,  and a frequency spread  of  only 2 . 3  kHz 
from p a r t i c l e s ,  such as dus t  o f  2 micron diameter .  For t h i s  example, t h e  
frequency spread  of laser b a c k s c a t t e r  from molecules is  far  g r e a t e r  than  t h e  
frequency s h i f t  due t o  t h e  mean atmospheric v e l o c i t y ;  from p a r t i c l e s  t h e  con- 
ve r se  i s  t r u e .  Thus, it can b e  seen  t h a t  Brownian motion should no t  cause 
d e t e c t i o n  problems f o r  p a r t i c l e  s c a t t e r i n g ,  b u t  would b e  a very severe  problem 
f o r  molecular s c a t t e r i n g .  
Recent meteorological  d a t a  and specu la t ion  by va r ious  a u t h o r i t i e s  i n  t h e  
f i e l d  i n d i c a t e  t h a t  a t u r b u l e n t  region may con ta in  s i g n i f i c a n t  p a r t i c u l a t e  
matter ( r e f s .  4 -6) .  
Experimental Analysis  
A number of  methods were i n v e s t i g a t e d  t o  d e t e c t  t h e  frequency s h i f t  due 
t o  p a r t i c l e  motion. The frequency s h i f t  can be descr ibed  by cons ider ing  t h e  
Michelson in t e r f e romete r  of ske tch  ( a ) .  As can be seen ,  t h e r e  a r e  two pa ths  
Mirror t o  reach t h e  d e t e c t o r .  The d i f f e r -  
over which t h e  l a s e r  beam can t r a v e l  
ence i n  length  of  t h e s e  two pa ths  i s  
c a l l e d  t h e  o p t i c a l  pa th  d i f f e r e n c e  
(OPD).  If  t h e  OPD i s  a mul t ip l e  of 
a wavelength, cons t ruc t ive  i n t e r -  
fe rence  occurs  a t  t h e  d e t e c t o r .  A s  
one mir ror  i s  moved r e l a t i v e  t o  t h e  
o t h e r ,  t h e  OPD changes. When t h e  OPD 
i s  an odd m u l t i p l e  of one-half  wave- 
l eng th ,  d e s t r u c t i v e  i n t e r f e r e n c e  
occurs .  I f  t h e  i n t e r f e r o m e t e r  i s  
modified by impart ing a v e l o c i t y  t o  
each mir ror ,  a sequence of i n t e r f e r -  
ence e f f e c t s  w i l l  be  observed a t  t h e  d e t e c t o r .  This sequence of  cons t ruc t ive  
and d e s t r u c t i v e  i n t e r f e r e n c e s  i s  a r e s u l t  of t h e  Doppler s h i f t  of t h e  l a s e r  7 
beam frequency from each mir ror .  I f  t h e  mir ror  v e l o c i t i e s  a r e  d i f f e r e n t ,  t h e  
d i f fe rence  i n  t h e  corresponding Doppler f requencies  can be  de t ec t ed .  I f  one 
considers  t h e  mir rors  t o  be moving with v e l o c i t i e s  V 1  and V 2 ,  t h e  OPD w i l l  b e  k 
2(V2 - V,)t  a f t e r  a t i m e  t assuming each mi r ro r  is  an equal d i s t ance  from 
t h e  beam s p l i t t e r  a t  t = 0 .  The phase d i f f e r e n c e  v a r i e s  d i r e c t l y  as t h e  OPD 
and cycles  through mul t ip l e s  of 2 ~ .  The t i m e  r equ i r ed  f o r  one cyc le  de f ines  
t h e  d i f fe rence  frequency (fd)  o f  the i n t e r f e r e n c e  change ( t h e  d i f f e r e n c e  
between t h e  two Doppler f r equenc ie s ) .  
which y i e l d s  f d  = 2(V2 - V,)/X where X i s  t h e  wavelength of  t h e  
t r ansmi t t ed  l i g h t .  
-"I 
Laser beam - v2i Beom splifter 
~-~~ - - 
Mirror 
Defector 
I--
Sketch (a) 
Therefore ,  (4.rr/X)(V2 - V,)/fd = 27 
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Two in t e r f e romete r  d e t e c t i o n  techniques can be der ived  f o r  determining 
t h e  Doppler frequency s h i f t  from a s c a t t e r i n g  medium. 
one mir ror  i s  s t a t i o n a r y  and t h e  o t h e r  i s  rep laced  by t h e  s c a t t e r i n g  medium. 
The s t a t i o n a r y  mi r ro r  provides  a re ference  source which se rves  t h e  same pur- 
pose as a l o c a l  o s c i l l a t o r  i n  s tandard  heterodyne c i r c u i t s .  The technique w i l l  
be  r e f e r r e d  t o  as t h e  head-wind d e t , , t i o n  technique.  A system of t h i s  type  i s  
shown i n  ske tch  ( b ) .  Because o f  t h e  moving p a r t i c l e s  i n  t h e  medium a 
Scot,erlng 
In  t h e  first technique 
con t inua l ly  changing o p t i c a l  pa th  d i f -  
fe rence  e x i s t s  between t h e  r e fe rence  
source and s c a t t e r i n g  source .  The 
Doppler frequency s h i f t  as der ived  i n  
appendix D i s  given by t h e  fol lowing 
equat ion.  
Detector 
Sketch (b) 
0 2v cos(a - $) cos - 2
fd = 
A 
I t  can be seen t h a t  t h e  system d e t e c t s  t h e  Doppler frequency s h i f t  due t o  
v e l o c i t y  along t h e  r e c e i v e r  l i n e  of  s i g h t  ( f o r  small va lues  of 0 ) .  
An a l t e r n a t e  technique which w i l l  be  r e f e r r e d  t o  as t h e  cross-wind detec-  
t i o n  technique r e l i e s  on s c a t t e r e d  r a d i a t i o n  from two s l i g h t l y  d i f f e r e n t  
s c a t t e r i n g  angles  (sketch ( c ) ) .  The r a d i a t i o n  from two s l i g h t l y  d i f f e r e n t  
s c a t t e r i n g  angles  i s  photomixed thus  
e l imina t ing  t h e  use  of a r e fe rence  
source .  The Doppler frequency equa- 
t i o n  (1) der ived  i n  appendix E shows 
Scattering 
Laser beam 
Mirror t h a t  t h e  
V 
Defector 
Sketch (c)  
frequency i s  a func t ion  of t h e  v e l o c i t y  component normal t o  t h e  b i s e c t o r  of  
the  angle  subtended between r e c e i v e r s .  
In  summary t h e  two d e t e c t i o n  techniques descr ibed  d i f f e r  i n  two ways.  
The f irst  d i f f e r e n c e  i s  t h e  v e l o c i t y  de t ec t ed .  The component of v e l o c i t y  
de tec ted  by t h e  head-wind technique is  p a r a l l e l  t o  t h e  r e c e i v e r  l i n e  of s i g h t .  
Any r e l a t i v e  motion along t h i s  l i n e  of s i g h t  w i l l  cause a Doppler s h i f t .  Such 
a technique appl ied  t o  t h e  d e t e c t i o n  of a i r  v e l o c i t y  ahead of an a i r c r a f t  would 
a l s o  r e g i s t e r  a i r c r a f t  v e l o c i t y .  The cross-wind technique  measures t h e  veloc- 
i t y  component normal t o  t h e  b i s e c t o r  of t h e  angle  subtended by t h e  two 
r e c e i v e r s .  Cross o r  v e r t i c a l  winds could t h e r e f o r e  be  de t ec t ed  ahead o f  an 
a i rc raf t  independent ly  of  a i rc raf t  v e l o c i t y .  The second d i f f e r e n c e  i s  t h e  use 
of a re ference  source  i n  t h e  head wind case and not  i n  t h e  a l t e r n a t e .  Thus 
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i n t e n s i t y  must be  ad jus t ed  i n  t h e  head wind case. 
i n t e n s i t y  of  laser b a c k s c a t t e r  c o l l e c t e d  from each r e c e i v e r  o p t i c s  i s  inher -  
e n t l y  of equal magnitude. Because of t h e s e  two d i f f e r e n c e s ,  t h e  cross-wind 
technique appeared t o  be  more use fu l  f o r  d e t e c t i n g  clear a i r  turbulence  and 
was implemented f o r  experimental  f e a s i b i l i t y .  However, it can b e  seen  t h a t  
t he  combination of t h e  two de tec t ion  techniques descr ibed  can be used t o  d e t e c t  
a three-dimensional v e l o c i t y  vec to r .  
I n  t h e  cross-wind case t h e  
Experiment a1 Resu 1 t s  
A l abora tory  d e t e c t i o n  system was cons t ruc ted  i n  which a l a s e r  beam was 
s c a t t e r e d  from an a i r  stream. A very s l i g h t  amount of smoke, no t  v i s i b l e  under 
ord inary  i l l umina t ion ,  was added t o  t h e  a i r  stream t o  produce Mie s c a t t e r i n g  
from which a veloci ty-dependent  backsca t te red  d i f f e r e n c e  frequency was 
de tec ted .  The experimental  arrangement i s  shown p i c t o r i a l l y  i n  f i g u r e  1, and 
Figure 1.- Experimental arrangement of a l t e r n a t e  technique t o  d e t e c t  v e l o c i t y  from laser backscat ter .  
diagrammatically i n  ske tch  ( d ) .  
a t  a wavelength of 6328 and 80 mW output  was used as t h e  i l l u m i n a t i n g  source .  L 
P a r t i c l e s  were produced by hea t ing  smoke p e l l e t s .  ' 
a i r  in t ake  of a v a r i a b l e  speed blower which con t ro l l ed  t h e  v e l o c i t y  of t he  
p a r t i c l e s  through t h e  t e s t  reg ion .  
A continuous wave helium neon l a s e r  ope ra t ing  
The smoke was s e n t  t o  t h e  
- -- - 
'Lionel toy e l e c t r i c  t r a i n  smoke p e l l e t s  with p a r t i c l e s  i n  t h e  0 . 0 3  t o  
1 micron range and approximately l o 4  pa r t i c l e s / cm3 .  
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The laser beam was focused on 
t h e  a i r  stream t o  provide h ighly  
loca l i zed  b a c k s c a t t e r .  The f i e l d  of 
view of each o p t i c a l  pa th  was 
l imi t ed  s o  t h a t  only t h e  small area 
about t h e  laser foca l  p o i n t  was 
imaged on t h e  d e t e c t o r .  For optimum 
supe rpos i t i on  of images t h e  o p t i c a l  
magnif icat ions were made equal ;  t h a t  
Laser beam 
Receiver opt ics 
8 = 135" i s ,  t h e  r a t i o s  of ob jec t  t o  image 
p = 20 5" d i s t a n c e  were t h e  same. This then 
a = 820 allowed p a r t i c l e  images t o  remain 
superimposed f o r  a maximum t ime.  
This condi t ion  i s  necessary f o r  
f r o n t s  of  t h e  two beams t o  be  plane 
L = .54 m 
Sketch (d) photo-mixing which r equ i r e s  t h e  wave 
Detector 
and p a r a l l e l  a t  t h e  d e t e c t o r  i n  o rde r  t o  avoid a v a r i a t i o n  i n  phase of t h e  
d i f f e r e n c e  frequency s i g n a l  over t h e  photocathode s u r f a c e .  
The requi red  condi t ions  f o r  o p t i c a l  alinement were s a t i s f i e d  u t i l i z i n g  a 
d i f f u s e l y  r e f l e c t i n g  t a r g e t  p laced  a t  t h e  p o i n t  where t h e  a i r  s t ream was t o  b e  
i n v e s t i g a t e d .  The ease  of v i s u a l l y  d e t e c t i n g  t h e  images from t h e  two o p t i c a l  
r ece ive r s  s i m p l i f i e d  t h e  supe rpos i t i on  procedure.  S l i g h t  v ib ra t ions  of t h e  
t a r g e t  caused a s i n u s o i d a l  d i f f e r e n c e  frequency s i g n a l  a t  t h e  output  of t h e  
d e t e c t o r  which w a s  viewed on an osc i l l o scope .  The alinement was v e r i f i e d  when 
the  d isp layed  s i g n a l  could be  i n t e r r u p t e d  by blocking e i t h e r  channel.  
The v e l o c i t y  of t h e  s t ream was measured with a h o t  wire  anemometer. The 
de tec ted  s i g n a l  developed ac ross  t h e  anode load of t h e  pho tomul t ip l i e r  was 
displayed d i r e c t l y  on an osc i l l o scope .  A t y p i c a l  t r a c e  i s  shown i n  ske tch  ( e ) .  
Sketch (e) 
The frequency of t h e  s i g n a l  i s  a measure of p a r t i c l e  v e l o c i t y ;  t h e  random 
amplitude v a r i a t i o n  i s  a r e s u l t  of p a r t i c l e  dens i ty  f l u c t u a t i o n .  
i t i e s  determined from t h e  f requencies  of many such s i g n a l  measurements a r e  
The veloc-  
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p l o t t e d  versus t h e  v e l o c i t y  determined from t h e  anemometer i n  f i g u r e  2 .  
s t r a i g h t  l i n e  shows one t o  one correspondence; t h e  experimental  v a r i a t i o n  
from a s t r a i g h t  l i n e  is  wi th in  t h e  accuracy o f  t h e  measurements. 
f o r  t h e  condi t ions  o f  ske tch  (e)  t h e  d i f f e r e n c e  frequency was measured t o  be 
100 kHz. The air-stream v e l o c i t y  was c a l c u l a t e d  from equat ion (1) rearranged 
below as 
The 
For example, 
Afd V =  
2 
v = 28.6 cm/sec 
evalua ted  f o r :  
A = 0.6328>cl0-~ cm 5 = 7 O  
The ,corresponding anemometer reading 
i n v e s t i g a t e d  were low i n  o rde r  t o  keep 
t h e  d i f f e r e n c e  frequency wi th in  t h e  
t h e r e  i s  no reason why h ighe r  
v e l o c i t i e s  could no t  be de t ec t ed .  
60 - was V = 29 .5  cm/sec. The v e l o c i t i e s  
0 band pass  of t h e  osc i l l o scope ;  however, 50 - 
For an a i r c r a f t  CAT de t ec t ion  sys-  
al tem us ing  a dual o p t i c a l  de t ec t ion  
technique,  t h e  angular  s epa ra t ion  of  
t h e  c o l l e c t i n g  o p t i c s  would be very 
smal l  f o r  long ranges .  Because of t h i s  
small angle ,  t h e  v e l o c i t y  d i f f e rence  as 
seen  by the  o p t i c a l  systems would be 
very small .  However, because of  t h e  
high frequency of l a s e r  r a d i a t i o n ,  t h e  
d i f f e r e n c e  frequency would s t i l l  be 
Examp le  of equation ( I  ) 
Lase r de t e c i o  r , c m /se c 
Figure 2.- Comparison of air  j e t  ve loc i ty  measured S i g n i f i c a n t .  For example, i f  t h e  
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by hot-wire anemometer and by backscattered l a s e r  r ece iv ing  o p t i c s  were sepa ra t ed  by a 
detect ion technique. d i s t a n c e  of 1 .5  meters,  and observed a 
volume of a i r  24 km away t h a t  was 
moving normal t o  t h e  d i r e c t i o n  of l a s e r  propagat ion a t  7 . 5  m/sec, t h e  d i f f e r -  
ence frequency would be approximately 1 kHz.  
1 kHz should not p re sen t  any problem s i n c e  f l u c t u a t i o n s  i n  amplitude o f  back- 
s c a t t e r  due t o  atmospheric s c i n t i l l a t i o n  a r e  below 1 kHz ( r e f .  7 ) .  In concept,  
t h e  de t ec t ion  system descr ibed  appears f e a s i b l e  as a CAT d e t e c t o r ;  however, 
t he  a p p l i c a b i l i t y  of t h e  system depends on l a s e r  power output  and t h e  e x i s t -  
ence of p a r t i c u l a t e  mat te r  i n  t h e  a i r  volume t o  be i n v e s t i g a t e d .  
bound on power requirements can be determined i f  Rayleigh s c a t t e r i n g  is  
1 
Detect ion of f requencies  above 
An upper 
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considered ( p a r t i c l e  s i z e  small with r e spec t  t o  t h e  wavelength of  l i g h t ) ;  a 
value of 180 MW is computed i n  appendix B f o r  a pulsed  l a s e r .  The same cal-  
c u l a t i o n  f o r  a continuous wave laser with a d e t e c t i o n  bandwidth of 10 kHz 
would y i e l d  18 kW. Power r equ i r ed  f o r  Mie s c a t t e r i n g  would be s u b s t a n t i a l l y  
less than  t h e  above va lue ,  depending on t h e  p a r t i c l e  s i z e  and concen t r a t ion .  
U t i l i z a t i o n  of  p re sen t  pu lsed  l a s e r s  which meet t h e  power requirements 
i s  l imi t ed  because of  t h e  low r e p e t i t i o n  r a t e s  and s h o r t  pu lse  du ra t ion .  
Present  continuous wave lasers a r e  a l s o  l i m i t e d  by low output  power c a p a b i l i t y .  
The power r equ i r ed  and t h e  d e t e c t a b i l i t y  of t h e  d i f f e r e n c e  frequency 
signal depends on p a r t i c u l a t e  ma t t e r  concent ra t ions  i n  a tu rbu len t  r eg ion .  
Data on such concent ra t ions  i s  e s s e n t i a l l y  nonexis ten t .  Resul ts  of  expe r i -  
ments p r e s e n t l y  be ing  made t o  determine such concent ra t ions  should shed more 
l i g h t  on the  f e a s i b i l i t y  of t h e  d e t e c t i o n  system presented .  
CONCLUSIONS 
Two d i f f e r e n t  techniques f o r  u s ing  laser b a c k s c a t t e r  t o  d e t e c t  t h e  veloc-  
i t y  of a i r  flow were i n v e s t i g a t e d .  
techniques i s  t h a t  one uses  a convent ional  l o c a l  re ference  source and t h e  
o the r  does n o t .  Detect ion schemes t h a t  use a l o c a l  re ference  source a r e  maxi- 
mally s e n s i t i v e  t o  v e l o c i t i e s  i n  t h e  d i r e c t i o n  of t he  r e c e i v e r  l i n e  of s i g h t .  
The a l t e r n a t e  method developed a t  Ames Research Center i s  s e n s i t i v e  t o  veloc-  
i t i e s  normal t o  r e c e i v e r  l i n e  of s i g h t .  This technique d e t e c t s  a d i f f e r e n c e  
frequency between r a d i a t i o n  b a c k s c a t t e r  as viewed from s l i g h t l y  d i f f e r e n t  
d i r e c t i o n s .  This technique was s u c c e s s f u l l y  used t o  d e t e c t  t h e  v e l o c i t y  of 
a s l i g h t l y  contaminated a i r  s t ream. Furthermore, t h e  d i f f e r e n c e  frequency was 
l i n e a r l y  p ropor t iona l  t o  t h e  v e l o c i t y .  The presence of some p a r t i c l e s  i s  
necessary i n  o rde r  t h a t  t h e  Brownian frequency spectrum of the  b a c k s c a t t e r  be 
small compared t o  t h e  frequency s h i f t  caused by t h e  mean v e l o c i t y .  Detect ing 
c l e a r  a i r  tu rbulence  with t h e  technique presented  does not  appear f e a s i b l e  a t  
present  because of  t h e  h igh  laser power r equ i r ed  and t h e  meager knowledge of 
t h e  p a r t i c l e  conten t  i n  a CAT r eg ion .  
The primary d i f f e rence  between t h e  two 
Areas where t h e  technique may be app l i cab le  with p r e s e n t l y  a v a i l a b l e  
l a s e r s  are i n  t h e  d e t e c t i o n  of a i r  v e l o c i t y  i n  wind t u n n e l s ,  r e l a t i v e  a i r  
speed on a i r c r a f t ,  cloud v e l o c i t y ,  and l i q u i d  flow. 
* Ames Research Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 
Moffet t  F i e ld ,  C a l i f . ,  94035, Sept .  20, 1967 
125-22-02-02-00-21 
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APPENDIX A 
NOMENCLATURE 
Quant i ty  Descr ip t ion  
A a r e a  of  l a s e r  beam a t  
range R 
c o l l e c t i n g  area of  t he  
r e c e i v e r  
A r  
B = D r / 2 R  1 / 2  angle  subtended by t h e  
r e c e i v e r  a t  range R 
diameter  of t h e  r ece ive r  Dr 
K Boltzmann's cons tan t  
M 
N 
mass of a molecule o r  
p a r t  i c 1 e 
molecular dens i ty  a t  
range R 
s p e c t r a l  rad iance  a t  
7000 
N h  
P O  laser power output  
'r power rece ived  
s c a t t e r e d  i n t e n s i t y  PS 
Pt = Po/A t r ansmi t t ed  i n c i d e n t  
i n t e n s i t y  a t  range R 
R range t o  t h e  reg ion  of 
i n t e r e s t  ( region be ing  
probed f o r  tu rbulence)  
T temp e r a t  u r  e 
V = A - (At)c s c a t t e r i n g  volume a t  
range R 
.. ~ _I 
l s ee  footnote  on page 11. 
Represent a t  i v e  
value1 Units  
cm2 
i o  l9 
10-3 
cm2 7 . 0 6 ~ 1 0 ~  
rad ians  6 . 3 4 ~ 1 0 - ~  
c m  30.5 (12 i n . )  
erg/deg 1 . 3 8 ~  10- 
g 
mo 1 e cu l  e s  / cm3 
W/cm2 sr-u 
W 
W 
W/cm2 
W/cm2 
2 . 4 ~ 1 0 ~  (15 miles)  T c m  
i 
OK 
cm 
. . . .  . 
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NOMENCLATURE - Concluded 
Quant i ty  Descr ip t ion  Units  Represent a t  i v e  value1 
C v e l o c i t y  of l i g h t  cm/sec 3 .  Ox l o 1  
A f  e lect  r ica l  bandwidth Hz 10 * 
h Planck 's  cons tan t  w sec2 6 . 6 ~ 1 0 - ~ ~  
k = 2n/X wave number cm- 105 
9 e l e c t r o n  charge coulomb 1 . 6 ~ 1 0 - ~ ~  
A t  laser pu l se  length  s e c  1.ox10-8 
a p o l a r i z a b i l i t y  cm3 1 . 8 ~ 1 0 - ~ ~  
n 
'd 
quantum e f f i c i e n c y  of  t h e  e lec t rons /photon  0 . 1  
ph o t o mu 1 t i p 1 i e r tub  e 
angle  between d ipo le  rad ians  
o s c i l l a t i o n  and propaga- 
t i o n  of t h e  s c a t t e r e d  
wave 
'r r e c e i v e r  f i e l d  of view rad ians  10-5 
t r a n s m i t t e r  f i e l d  of 
view 
rad ians  
x = c/y o p t i c a l  wavelength cm 6 . 9 ~ 1 0 - ~  
A I  o p t i c a l  f i l t e r  bandwidth 1-I 2x10-4 
Y o p t i c a l  frequency Hz 4 . 8 ~  10 
P = nq/hr cathode s e n s i t i v i t y  A/W 2 . 9 ~ 1 0 - ~  
IRepresentat ive va lues  a r e  approximate va lues  used i n  appendix B t h a t  a r e  
r e a l i s t i c  f o r  a pulsed  l a s e r  t r a n s m i t t e r  system probing a reg ion  of i n t e r e s t  
a t  a d i s t ance  o f  24 km. 24  km i s  a r e a l i s t i c  minimum d i s t a n c e  r equ i r ed  t o  
maneuver a subsonic  j e t  i n  o rde r  t o  avoid t h e  reg ion  of i n t e r e s t .  
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APPENDIX B 
TRANSMITTER POWER REQUIREMENTS 
The magnitude of t h e  laser  t r a n s m i t t e r  power r equ i r ed  :c, .detect  back- 
s c a t t e r e d  r a d i a t i o n  from t h e  atmosphere a t  a given range i s  dependent on t h e  
presence of both a i r  molecules and p a r t i c u l a t e  matter a t  t h e  range i n  ques t ion .  
The information a v a i l a b l e  on t h e  dens i ty  and c h a r a c t e r i s t i c s  o f  p a r t i c u l a t e  
matter i n  t h e  atmosphere i s  l imi t ed  and i n s u f f i c i e n t  t o  a r r i v e  a t  a meaningful 
number f o r  t h e  power r equ i r ed ,  
der ived on t h e  b a s i s  of  a pu re ly  molecular atmosphere (Rayleigh s c a t t e r i n g ) .  
For a r e p r e s e n t a t i v e  c a l c u l a t i o n  a convent ional  pu lsed  system is  f i rs t  con- 
s i d e r e d  with a wide bandwidth r e c e i v e r  having r e p r e s e n t a t i v e  va lues ,  as 
descr ibed i n  t h e  nomenclature, t o  enable  d e t e c t i o n  of t h e  b a c k s c a t t e r  s i g n a l  
f o r  a s igna l - to -no i se  r a t i o  of 1 0 .  Following t h i s ,  c a l c u l a t i o n s  f o r  a con- 
t inuous wave l a s e r  a r e  presented .  
However, an upper bound f o r  t h i s  power can be 
The s igna l - to -no i se  r a t i o  can be represented  as S/N = 12/in2 where I 
i s  the  pho tomul t ip l i e r  cathode s i g n a l  cu r ren t  and in is  t h e  pho tomul t ip l i e r  
cathode no i se  c u r r e n t .  Both I2  and in2 a r e  func t ions  of t h e  power rece ived  
and d i f f e r  depending on whether coherent o r  noncoherent de t ec t ion  i s  used.  
The Rayleigh equat ion  f o r  s c a t t e r e d  i n t e n s i t y  i s  given as  
Nk4a2PtV sin2 8d 
- 
ps - R2 
The above equat ion  i s  based on t h e  fol lowing cond i t ions :  
(1) Is o t  rop i  c po 1 a r i  z ab i 1 it  y 
( 2 )  Linear d i p o l e  s c a t t e r i n g  
( 3 )  Spher ica l  p a r t i c l e s  
Attenuat ion due t o  s c a t t e r i n g  and absorp t ion  of t h e  l a s e r  beam i s  neglec ted  
s i n c e  i t  is  small compared t o  t h e  r a t i o  of backsca t t e red  r e t u r n  s i g n a l  t o  t h e  
l a s e r  output power. 
Consider t h e  s i n g l e  s c a t t e r i n g  p a r t i c l e  shown i n  f i g u r e  3 and l e t  t he  
l a s e r  beam be l i n e a r l y  po la r i zed  i n  t h e  z d i r e c t i o n  and propagat ing along 
the  y a x i s .  The r a d i a t i o n  backsca t te red  wi th in  t h e  cone angle  B i s  co l -  
l ec t ed  i n  t h e  r e c e i v e r .  
I f  t h e  a r e a  of t h e  r e c e i v e r  i s  small  and t h e  d i s t ance  R l a rge  ( t r u e  f o r  
most app l i ca t ions )  then i t  can be assumed t h a t  t h e  i n t e n s i t y  i s  uniform over 
t h e  a r e a  o f  t h e  r e c e i v e r .  This then  gives  f o r  t h e  power rece ived:  
1 2  
P 
& p - n  c sin P 
Receiver COI lector area 
Also, based on t h e  above assumption 
t h e r e f o r e ,  
Pr = flk4a2PtV sin2 GdB2 
For b a c k s c a t t e r  ed = g o o ,  Pr can be 
s i m p l i f i e d  as 
P, = Tmk4a2PtVB2 ( B 1 )  
Figure 3 .- Single s c a t t e r i n g  p a r t i c l e .  
For d i r e c t  d e t e c t i o n  t h e  photocathode s i g n a l  cu r ren t  i s  Is = pPr where 
p i s  t h e  cathode s e n s i t i v i t y .  
i,2 = id2  + i b  + is where i d 2  i s  mean square dark no i se  c u r r e n t ,  i b 2  
is  mean square background c u r r e n t ,  and 
c u r r e n t .  The convent ional  r e l a t i o n s h i  between a sho t  no i se  cu r ren t  and t h e  
dc cu r ren t  t h a t  genera tes  i t  i s  i = P-- 2qAfI; hence in2 = 2 q ~ f ( 1 ~  + Ib + 1 ~ 1  
where Is = pPr, Ib = ppb. Therefore 
The t o t a l  mean square  no i se  cu r ren t  i s  
is2 i s  mean square s i g n a l  n o i s e  
For these  c a l c u l a t i o n s  a va lue  of S/N = 10 was used. The components o f  t h e  
noise  cu r ren t  i n  t h e  express ion  f o r  S/N 
t i v e  values  shown i n  t h e  nomenclature.  
can be eva lua ted  f o r  t h e  r ep resen ta -  
Pb = 4: 7t  (NAMBr2Ar)  
15 Pb = 11.1xlo- w 
The equiva len t  dark cu r ren t  power input  f o r  a 9558B pho tomul t ip l i e r  i s  
Therefore ,  
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which y i e l d s  
This value of Pr 
r e n t  powers; thus  t h e  s igna l -no i se  r a t i o  obta ined  i s  very nea r ly  t h e  t h e o r e t i -  
cal optimum f o r  d i r e c t  d e t e c t i o n  
i s  much g r e a t e r  than  t h e  background and equiva len t  dark cur- 
i 
N 2qaf 
The t o t a l  pulsed laser power requi red  i s  determined from equat ions (Bl) and 
(B3) and i s  Pr = 1 . 1 ~ 1 0 - ~  = rNk4a2(P0/A)VB2 which y i e l d s  Po = 9 0 ~ 1 0 ~  watts 
requi red  f o r  d i r e c t  d e t e c t i o n  with S/N = 10 a t  t h e  range and viewing angle  
as sumed . 
The s igna l -no i se  r a t i o  f o r  coherent  heterodyne d e t e c t i o n  can be  repre-  
sented as S/N = ( I I F ) 2 / i n 2  where I IF  is  t h e  d i f f e r e n c e  frequency s i g n a l  
cu r ren t  between t h e  two f requencies  being de tec t ed  (one frequency usua l ly  
being t h e  l o c a l  o s c i l l a t o r ) .  
where PLo i s  t h e  l o c a l  o s c i l l a t o r  power 
where iLo is  t h e  mean square l o c a l  o s c i l l a t o r  n o i s e .  
and t h e  s igna l - to -no i se  r a t i o  i s  
(I351 
S - 2P2PrPLo - PPr 
- -  - _  
P r  + -  PB + 5) N 2Q&!(: + PB + Pr + PLO) ..f(. + - 
PLO PLO PPLO 
Rather than e s t ima te  a c t u a l  powers requi red  i t  i s  more meaningful t o  compare 
t h e  above equat ion with equat ion (B4) f o r  d i r e c t  d e t e c t i o n .  
o s c i l l a t o r  power i s  very l a r g e  (so t h a t  t h e  bracke ted  f a c t o r  becomes uni ty)  
t h e  s igna l - to -no i se  r a t i o  f o r  heterodyne de tec t ion  i s  twice as l a rge  as t h a t  
f o r  d i r e c t  d e t e c t i o n .  
I f  t h e  l o c a l  
I f  s i g n a l s  rece ived  from s l i g h t l y  d i f f e r e n t  s c a t t e r i n g  
1 4  
angles  from t h e  same source  are mixed as descr ibed  i n  t h e  r e p o r t  s o  t h a t  
equ iva len t ly  PLo = Pr = h a l f  t h e  t o t a l  rece ived  s i g n a l ,  thus  t h e  b racke t  i n  
equat ion (B5) becomes 2 and t h e  numerator power i s  reduced by h a l f  and twice 
as much t r ansmi t t ed  power would be  r equ i r ed  as f o r  d i r e c t  d e t e c t i o n  o r  
180 megawatts f o r  S/N = 10. 
For a continuous wave (cw) laser equat ion (B5)  and equat ion  (Bl) can 
again be  used f o r  c a l c u l a t i n g  t h e  t r ansmi t t ed  power r equ i r ed  f o r  a s i g n a l - t o -  
no i se  r a t i o  of  10. For t h i s  case, t h e  bandwidth can be  reduced from lo2  MH 
t o  10 kHz ( t h e  bandwidth can be  reduced f o r  t h e  cw laser s i n c e  t h e  l a r g e  band- 
width requi red  f o r  t h e  pu l sed  laser was needed t o  r e so lve  t h e  very fast  r i se  
time pu l ses )  and t h e  power t r a n s m i t t e r  requirement can correspondingly be  
reduced by a f a c t o r  of l o 4 .  Therefore ,  t h e  c w  t r a n s m i t t e r  power r equ i r ed  
equals  18 kW. 
.I 
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APPENDIX C 
FREQUENCY BANDWIDTH DUE TO BROWNIAN MOTION 
The Maxwell-Boltzmann d i s t r i b u t i o n  which c h a r a c t e r i z e s  Brownian motion 
has t h e  form 
dn = nJE n e  dv 
where dn r ep resen t s  t h e  number of atoms of  mass M wh 
n ,  have a v e l o c i t y  component between v and v + dv. In  
the  frequency bandwidth, t h e  Doppler frequency r e l a t i o n  
used s o  t h a t  t h e  d i s t r i b u t i o n  is  a func t ion  of f d  i n s t  
func t ion  then becomes 
M c 2 f d 2  
tin = nJ" e 
276T 
-5 dfd 
2Y 
ch, among a t o t a l  of 
o rde r  t o  determine 
f = (2vy/c) must be 
a i  of  v;  t h e  
Since t h e  backsca t t e r  i n t e n s i t y  i s  p ropor t iona l  t o  t h e  number of atoms, i t  can 
be  w r i t t e n  as 
M c 2 f d 2  - 
8KTy2 
P = Ae 
where A i s  a cons t an t .  The frequency fd  f o r  which P = A / 2  determines 
t h e  h a l f  bandwidth; t h e r e f o r e  
M c 2 f d 2  
- 
8KT y2 
1 
o r  
Mc2 f d2 
= 2n 2 
8KT y2 
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and 
For t y p i c a l  a i r  molecules wi th  
f d  = 938 MHZ. 
h a l f  bandwidth is  
M = 5 ~ 1 0 - ~ ~  gram, t h e  h a l f  power bandwidth i s  
For a 2 micron s i l t  p a r t i c l e  of  mass M = 8 . 4 ~ 1 0 - l ~  gram t h e  
fd = 2 . 3  kHz. 
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APPENDIX D 
DERIVATION OF DOPPLER FREQUENCY FOR HEAD-WIND TECHNIQUE 
The  Doppler frequency s h i f t  (due t o  v e l o c i t y )  f o r  t h e  convent ional  tech-  
nique can be  der ived  us ing  t h e  o p t i c a l  pa th  d i f f e r e n c e  concept .  
de t ec t ion  geometry shown i n  ske tch  ( f ) .  
Consider t h e  
The change i n  o p t i c a l  pa th  length  is  
due t o  t h e  v e l o c i t y  which can b e  
expressed as two components, one 
p a r a l l e l  and t h e  o t h e r  perpendicular  
t o  t h e  d i r e c t i o n  of  t h e  laser beam 
propagat ion .  The p a r a l l e l  component 
of  v e l o c i t y  - V  cos c1 r e s u l t s  i n  a 
change of o p t i c a l  pa th  a f t e r  a t ime t 
of - V t  cos a ( l  + cos e ) .  The perpen- 
Sketch (f)  d i c u l a r  v e l o c i t y  component V s i n  a 
gives an o p t i c a l  path change of  
i 
Detector 
- V t  s i n  e s i n  c1 f o r  t h e  same time t .  The t o t a l  o p t i c a l  pa th  change a f t e r  a 
t i m e  t i s  then 
Vt[-cos a(1  + cos 0 )  - s i n  CL sin 01  
s impl i fy ing  
-2vt cos (a - ;) cos 0 
An o p t i c a l  path change equal  t o  one wavelength corresponds t o  one cyc le  of t h e  
Doppler frequency. Therefore ,  
- e - 2 cos (a - g) cos - 2
fd A 
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APPENDIX E 
DERIVATION OF THE DOPPLER FREQUENCY FOR CROSS-WIND TECHNIQUE 
The equat ion  f o r  t h e  d i f f e r e n c e  frequency f d  f o r  t h e  a l t e r n a t e  de tec-  
t i o n  technique i s  i d e n t i c a l  t o  t h a t  der ived  f o r  t h e  in t e r f e romete r ;  t h a t  i s ,  
- 2 b 2  - v1) 
A fd - 
To eva lua te  f d  f o r  a v e l o c i t y  v e c t o r  a t  an angle  ct with r e spec t  t o  t h e  
.I d i r e c t i o n  of laser propagat ion,  consider  t h e  geometry as shown i n  ske tch  ( g ) .  
The angles  8 and B de f ine  t h e  d i r e c -  
t i o n  of b a c k s c a t t e r  observed by each 
o p t i c a l  c o l l e c t o r .  I t  i s  t h e  d i f f e r -  
ence i n  p a r t i c l e  v e l o c i t y  as seen  from 
Laser beam = Particle 
" t h e s e  d i r e c t i o n s  t h a t  is  needed t o  v/y\ eva lua te  f d .  The component of  
p a r t i c l e  v e l o c i t y  along t h e  d i r e c t i o n  
e i s  V c o s ( a  - e )  and t h a t  a long B 
i s  V c o s ( a  - B )  . The d i f f e r e n t i a l  
v e l o c i t y  i s  then  
Sketch (g) 
v2 - v1 = V[cos(a - B) - cos(a - e ) ]  
Expanding 
~2 - V I  = V [ C O ~  B COS a + s i n  B s i n  u - cos 8 cos u. - s i n  e s i n  a] 
= V[cos  COS B - cos e )  + s i n  x.(sin B - s i n  e ) ]  
Using t h e  t r i gonomet r i c  i d e n t i t i e s  
1 1 
2 2 
cos B - cos = -2 s i n  - ( 0  + B ) s i n  - (B - 0 )  
1 1 s i n  B - s i n  8 = 2 s i n  3 (B - @)cos (0  + B) 
y i e l d s  
r 1 
= 2 V  s i n  1 (B  - @)[s in  a cos 1 (0  + B) - cos a s i n  1 (0  + B)] 
2 2 2 
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II I 
The d i f f e rence  frequency i s  then  
Le t t ing  
gives  
( = ~ - e  
fd = - 4v h s i n  5 2 sin[a - (B + k) ] 
When t h e  o p t i c s  are symmetrically p laced  about t h e  l a s e r  l i n e  of s i g h t ,  
13 = - B  and f d  reduces t o  (4V/A)sin 9 s i n  a where V s i n  a i s  t h e  compo- 
nent  of  v e l o c i t y  perpendicular  t o  laser propagat ion.  
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